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Understanding the genetic architecture of adaptive traits is a common goal in 
evolutionary biology. However, there are relatively few well-characterized genetic 
architectures for adaptive traits in non-model systems, particularly in wild 
populations. In this thesis, we further characterize the genetic architecture of age at 
maturity in Atlantic salmon using a combination of genomic-enabled approaches. 
First, a large-scale genome-wide association study of ~11000 male Atlantic salmon, 
with ~500K single nucleotide polymorphisms (SNPs) genotypes, was used to 
identify loci underlying age at maturity. Significant associations were found on 28 of 
the 29 Atlantic salmon chromosomes, including two strong signals at the six6 and 
vgll3 gene regions. Furthermore, 116 candidate loci with varying effect sizes were 
identified revealing a mixed genetic architecture with a combination of large-effect 
loci and a polygenic component consisting of multiple smaller-effect loci. A 
combination of multi-SNP association methods and individual-level sequencing data 
was then used to resolve the genetic architecture within the 116 candidate loci for 
Atlantic salmon age at maturity. The genetic architecture within these candidate loci 
was relatively simple, where the association was driven by a single mutation. 
Finally, ~6000 male Atlantic salmon with a high frequency of recombinant alleles at 
a known large-effect locus spanning two linked genes, vgll3 and akap11, were reared 
to maturation age. Vgll3 SNP variation was strongly associated with maturation 
timing, however, akap11 SNP variation showed little to no association with 
maturation timing, suggesting that variation linked to vgll3 is driving the association 
at this large-effect locus. Together, these findings further refine our understanding of 
the genetic architecture for Atlantic salmon age at maturity. Additionally, this thesis 
provides an analytical framework for characterizing the genetic architecture of 
adaptive traits in non-model systems. 
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2. Tiivistelmä 
Tässä väitöskirjassa hyödynnetään genomisia lähestymistapoja Atlantin lohen 
sukukypsyysiän geneettisen arkkitehtuurin selvittämisessä. Lisäksi väitöskirjatyöni 
tarjoaa analyyttisen kehyksen eri piirteiden geneettisen arkkitehtuurin 
luonnehtimiseksi muissa kuin mallilajeissa. Ensimmäisessä työssä laajamittainen 
genomin laajuinen assosiaatiotutkimus paljasti Atlantin lohen sukukypsyysiän 
geneettisen arkkitehtuurin muodostuvan yhdistelmästä suuri- ja pienivaikutteisia 
lokuksia. Toisessa työssä paljastimme assosiaatiomenetelmiä ja 
perimäsekvensointidataa hyödyntämällä ehdokaslokusten sisäisen arkkitehtuurin 
melko yksinkertaiseksi ja assosiaation selittyvän yhdellä mutaatiolla. Kolmannessa 
työssä erotimme kytkeytyneiden vgll3- ja akap11-geenien vaikutukset kasvattamalla 
jälkeläisiä, joilla oli eri rekombinanttialleeliyhdistelmät kyseisessä kromosomissa 25 
sijaitsevassa suurivaikutteisessa lokuksessa. Työ paljasti, että akap11-vaihtelulla ei 
ole juurikaan vaikutusta sukukypsyysikään, ja että assosiaatio on seurausta 
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A fundamental goal in evolutionary biology is to better understand the genetic 
underpinnings of phenotypic variation. Such an understanding can improve our ability 
to predict how organisms will respond to environmental changes and disturbances. 
Additionally, a well-characterized genotype-phenotype link helps to understand how 
phenotypic diversity is maintained in a population and is therefore important for 
designing conservation and management strategies aimed at maintaining such 
diversity. Despite its importance, the link between genotype and phenotype remains 
unknown for many traits, particularly for traits observed in wild populations. Given 
our limited understanding of the important relationship between phenotype and 
genotype, many critical questions remain: How many loci are involved? Where in the 
genome are these loci located? What are the effect sizes of these loci? And is the locus 
effect driven by a single or multiple mutation(s)? The recent growth in available 
genomic data has created new opportunities for exploring the genotype-phenotype 
relationship. 
6.1 Genetic architecture 
Genetic architecture is a broad term used to describe the collection of genetic 
features that are involved in controlling a trait or fitness. The genetic architecture of a 
trait is a description of the number of loci, the genomic location of these loci, their 
effect sizes and the allele frequencies at loci underlying trait variation. In this thesis, 
we will focus on these key features of genetic architecture. Genetic architecture, 
however, also includes the mode of gene action (e.g. additive, dominant or recessive), 
the epistatic interactions between or among loci, linkage among loci, and how loci 
effects depend on environmental conditions (i.e. gene by environment interactions). 
Genetic architecture can be described as monogenic, oligogenic, or polygenic, 
whereby the trait is controlled by one, a few, or many loci, respectively. For traits such 
as pigmentation (Hoekstra 2006; Linnen et al. 2013), lactase persistence (Tishkoff et 
al. 2007), and insecticide resistance (Daborn et al. 2002), genetic architecture is 
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relatively simple, where the trait is controlled by a single or small number of large-
effect loci. In contrast, many traits, including many human diseases (Purcell et al. 
2009; Loh, Bhatia, et al. 2015) and height (Pritchard and Di Rienzo 2010), have a 
polygenic architecture. Further, the omnigenic model builds upon the polygenic model 
and proposes that a large fraction of all genes can affect a trait via a vast network of 
core genes that directly affect the trait and many peripheral genes that mediate core 
gene effects (Boyle, Li, and Pritchard 2017; Liu, Li, and Pritchard 2019). 
Characterizing genetic architecture is crucial for determining how trait variation may 
be altered via processes such as selection, genetic drift and/or gene flow (Kuparinen 
and Hutchings 2017; Oomen, Kuparinen, and Hutchings 2020; Le Corre and Kremer 
2012). Additionally, the genetic architecture of a trait can provide insight into how 
genetic and trait variation are maintained in a population or species (Barson et al. 
2015; Turelli and Barton 2004).  
6.1.1 Genetic architecture of adaptive traits 
For traits under selection, theoretical models suggest that favourable alleles will 
cluster together forming tightly linked loci, with relatively large effect sizes. This 
clustered genetic architecture is expected to arise in spatially and/or temporally 
heterogeneous environments where populations are experiencing a specific balance of 
gene flow and selection (Yeaman and Whitlock 2011; Yeaman 2013; Yeaman, 
Aeschbacher, and Bürger 2016). Indeed, several studies on wild populations have 
reported strong signals of selection and/or association. These include a large-effect 
locus for sea age at maturity in Atlantic salmon (Salmo salar) (Barson et al. 2015) and 
a structural variant strongly associated with mating strategies in ruffs (Philomachus 
pugmax) (Lamichhaney et al. 2015), among others (Gratten et al. 2007; Joron et al. 
2006; Lamichhaney et al. 2017). It is plausible that an interplay between migration 
and selection has contributed to the establishment of these major loci. Additional 
modelling and empirical studies on a wider variety of systems will help to elucidate 
the evolutionary processes leading to genetic architectures consisting of large-effect 
loci. 
The genetic architecture of a trait is highly relevant when predicting how trait 
variability in a population will change in response to environmental changes and other 
selective pressures. During environmental change causing a shift in a phenotypic 
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optimum, population viability is higher when genetic architecture is polygenic rather 
than monogenic/oligogenic (Kardos and Luikart 2021). This may be due to heritability 
and rate of adaptation declining more rapidly for traits with large-effect loci than 
polygenic traits (Barton and Keightley 2002). Under directional selection pressure, 
trait variation decreases when the genetic architecture is polygenic. In contrast, the 
outcome for a trait controlled by single-locus is highly variable (Oomen, Kuparinen, 
and Hutchings 2020; Kuparinen and Hutchings 2017). Furthermore, traits with 
polygenic architectures, where causal loci are highly linked due to recombination 
suppression (e.g. genomic rearrangement), respond similarly to traits with single 
large-effect locus architectures under periods of directional selection (Oomen, 
Kuparinen, and Hutchings 2020). Ultimately, however, the ability to model such 
responses to selection depends largely on a well-characterized genetic architecture that 
includes a thorough understanding of the number of loci controlling the trait, their 
location in the genome, and their effect sizes.  
6.1.2 Characterizing genetic architecture 
A common first step to characterize genetic architecture is to do a genome-wide 
association study (GWAS) to identify genetic variation, typically single nucleotide 
polymorphisms (SNPs), that is associated with trait variation. Methods used for 
association testing can test each SNP independently (single-SNP approaches) or can 
consider the effect of other SNPs when testing a SNP for an association (multi-SNP 
approaches). Given the causal SNP or a SNP in linkage disequilibrium (LD) with the 
causal SNP is represented in the data, large-effect loci with strong trait associations 
are relatively easy to detect. Small-effect loci or rare alleles, however, can be 
challenging or even impossible to detect. Identification of such loci may require higher 
detection power, which can be reached by increasing the sample size of individuals, 
but this level of sampling may not be feasible (Sham and Purcell 2014).  
Over the past few decades, an increase in sequencing technologies and 
bioinformatics tools, as well as a decrease in their costs, have made using GWAS to 
characterize the genetic architecture of traits more feasible, particularly in non-model 
systems. Furthermore, methodological developments and tools related to GWAS are 
increasingly available, enabling the analysis of traits with a variety of distributions, 
helping to account for population structure and relatedness among samples, and 
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decreasing computational costs (Zhou et al. 2018; Loh, Tucker, et al. 2015; Eu-
ahsunthornwattana et al. 2014; Legarra, Ricard, and Varona 2018; Chen et al. 2016; 
Bulik-Sullivan et al. 2015; Listgarten et al. 2012; Price et al. 2010). Additionally, 
methods to test the cumulative effects of multiple SNPs, rather than a single SNP, can 
be informative when a single-SNP’s association is weak and does not pass the 
significance threshold, but when considered in combination with other SNPs has a 
significant association with the trait. Multi-SNP approaches can also help to resolve 
how many mutations underlie an association signal. Such developments in methods 
for association studies, particularly when applied to wild populations, provide an 
opportunity for significant progress in characterizing genetic architecture. 
Following the detection of an association via GWAS, a common next step is to 
identify candidate gene(s) in the associated region. Often the associated region 
contains multiple genes and therefore it is unclear which gene or genes is/are linked 
to the association signal. In such cases, validation of candidate genes is required. In 
model systems, validation of candidate genes can be done using gene knockouts or 
genome editing technologies (e.g. CRISPR) (Varshney et al. 2013; The International 
Mouse Knockout Consortium 2007; Sander and Joung 2014). Candidate gene 
validation via CRISPR has been successful in some free-living species (Livraghi et al. 
2018; Concha et al. 2019; Woronik et al. 2019; Wucherpfennig, Miller, and Kingsley 
2019; Rodríguez-Leal et al. 2017; Sedeek, Mahas, and Mahfouz 2019), however, 
remains particularly challenging or unachievable in many free-living species. 
Alternatively mapping approaches, which take advantage of naturally occurring 
recombination events in the associated region, can be used for delineating which 
gene(s) is/are linked to association signals. This approach, however, is also 
challenging as it requires screening of many individuals in order to identify 
informative recombination events, followed by controlled crossing of such individuals 
and phenotypic assessment. 
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6.2 Atlantic salmon (Salmo salar) age at maturity as a 
study trait 
6.2.1 Atlantic salmon age at maturity 
Atlantic salmon is an anadromous species that exhibits a diversity of life 
history-strategies. Variation in age at maturity contributes substantially to this 
diversity. Atlantic salmon can spend anywhere from one to seven years in freshwater 
prior to migrating to the marine environment. Once at sea, individuals can spend 
anywhere from one to five years before reaching maturation and returning to their 
natal rivers to spawn. Furthermore, some individuals (mostly males), known as mature 
parr, will mature in freshwater without having migrated to sea (Mobley et al. 2021; 
Erkinaro et al. 2019). Maturation at a later age is associated with larger body size that 
increases fecundity of females and reproductive success of males. Late maturation, 
however, increases the risk of mortality before reproduction. In contrast, early 
maturing individuals are smaller and have less reproductive success at spawning 
grounds, but have a higher chance of surviving to reproductive age (Mobley et al. 
2020; Fleming and Einum 2011). 
In aquaculture salmon, variation in age at maturity is also observed. In fact, 
there is considerable interest in understanding the genetic basis of age at maturity in 
aquaculture salmon due to the negative effects of early maturation. Early maturation 
usually refers to maturation occurring 1-year post-smoltification (where smoltification 
refers to the process inducing morphological, physiological, and behavioural changes 
needed for the transition from freshwater to the marine environment) (Mobley et al. 
2021). Early maturation results in lost revenue (McClure et al. 2007) due to flesh 
degradation that occurs during the maturation process (Aksnes, Gjerde, and Roald 
1986), and can negatively affect the health of aquaculture fish (Taranger et al. 2010).  
6.2.2 Genetic basis of Atlantic salmon age at maturity 
Given that age at maturation in Atlantic salmon is highly heritable (Gjerde 
1984; Reed et al. 2015), there has been considerable interest in identifying the genes 
underlying maturation in Atlantic salmon. A combination of quantitative trait loci 
(QTL) mapping and GWAS has improved our understanding of the genetic basis 
over the last couple of decades (Mobley et al. 2021). For example, a QTL study 
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identified loci on chromosomes 10 and 21 for early male maturation (Gutierrez et al. 
2014), however did not have sufficient genomic coverage to identify potential genes 
involved. Some of the first GWAS, using ~6K SNPs, found associations in both wild 
and aquaculture strains identified loci on a number of chromosomes in both wild and 
aquaculture strains (e.g. 1, 2, 9, 10, 12, 13, 16, 21, 25, 27, 28). However, only ~500 
individuals and ~4K SNPs were used and these studies therefore lacked statistical 
power and genomic coverage to provide a clear picture of the genomic regions 
underlying age at maturity (Johnston et al. 2014; Gutierrez et al. 2015).  
Following these earlier mapping studies, GWAS with larger sample sizes and 
genomic coverage identified a large-effect locus on chromosome 25 that explains up 
to 39% of the variation in sea age at maturity (Ayllon et al. 2015; Barson et al. 
2015). The GWA study by Barson et al. (2015), consisting of 1404 individuals 
sampled from 57 European populations, detected the association in the Atlantic, 
Barents/White and Baltic Sea lineages, showing that the locus effect is conserved 
across all three European phylogeographic lineages. The primary candidate gene 
located upstream of the top-associated SNP on chromosome 25 is vgll3 (vestigial-
like family member 3). The vgll3 gene encodes a transcription cofactor involved in 
regulating adipogenesis (Halperin et al. 2013) and is associated with human 
maturation (Perry et al. 2014; Day et al. 2017; Cousminer et al. 2013), suggesting it 
is plausible candidate for being involved in maturation in Atlantic salmon. A second 
gene located downstream of the top-associated SNP, akap11 (A-kinase anchoring 
protein 11), is also a plausible candidate gene given it is expressed in testes during 
spermatogenesis and affects sperm motility in mice and humans (Reinton et al. 2000; 
Luconi et al. 2004; Miki et al. 2002). In North American populations, a higher 
proportion of late maturation alleles of vgll3 are found in late-maturing females than 
in early-maturing individuals, providing some evidence that vgll3 may also play a 
role in maturation in this lineage (Kusche et al., 2017). Association studies for 
maturation in aquaculture strains have found an association with chromosome 25 in 
some strains (Gutierrez et al. 2015; Ayllon et al. 2015), but not others (Boulding et 
al. 2019). Additionally, in some cases the association is sex-specific where it is 
observed only in males (Ayllon et al. 2019) or only in females (Mohamed et al. 
2019). Such differences may be due to different genetic architectures of the trait 
among populations/strains. Alternatively, this may be due to low genetic variation at 
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the vgll3 locus in these populations/strains and/or insufficient power to detect such 
an association. To better understand the genetic architecture of this trait, we require 
higher-powered association studies involving a larger number of individuals and a 
broad range of populations and aquaculture strains.  
Barson et al. (2015) identified another candidate gene on chromosome 9, six6, 
that was strongly associated with maturation prior to population stratification 
correction, after which the association signal significance was lost. The lost signal 
may be because the locus reflects well population structure, possibly due to being 
involved in local adaptation (Bourret et al. 2013; Moore et al. 2014; Pritchard et al. 
2018), or that the locus’ effect varies among populations. To resolve the genotype-
phenotype association of loci involved in local adaptation, association studies within 
a single population may be required. The primary candidate gene, six6, in is a 
transcription factor of the hypothalamus-pituitary-gonadal axis and is also associated 
with height and age at maturity in humans (Day et al., 2017; Perry et al., 2014) and 
in cattle (Cánovas et al., 2014).  
There has been substantial improvement in our understanding of the genetic 
basis of age at maturity in Atlantic salmon, which has been largely due to advancement 
in tools allowing for the genotyping of a greater number of markers in a larger sample 
of phenotyped individuals. Nevertheless, there remains some uncertainty concerning 
the genetic architecture of age at maturity in Atlantic salmon. 
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7. Aims of the Thesis 
The overall aim of this thesis is to further refine the genetic architecture of Atlantic 
salmon age at maturity. The work is organized around three distinct aims: 
1) To characterize the genetic architecture of Atlantic salmon age at maturity 
using a large-scale genome-wide association study (GWAS). 
2) To use haplotype-based and multi-SNP association methods to further 
characterize known candidate regions for age at maturity in Atlantic 
salmon. 
3) To more precisely map causal SNP variation at a large-effect locus for age 
at maturity in Atlantic salmon.  
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8. Materials and Methods 
8.1 Animal material and maturation phenotyping 
For Chapter I, 11,166 male Atlantic salmon were sampled from the Norwegian 
AquaGen aquaculture strain. This strain is a result of a breeding program that began 
in the 1970’s with founder individuals originating from 41 Norwegian rivers 
(Gjedrem, Gjøen, and Gjerde 1991). Maturation phenotype was determined based on 
an individual’s maturity status one year after transfer to sea and was scored as a binary 
trait: mature (early maturing individual) or non-mature. Maturity status was 
determined by checking for the presence of a developed kype and darkened 
colouration, which are characteristics of maturation. 
For Chapter II, 313 Atlantic salmon were collected from 53 Norwegian and 
Finnish rivers. Maturation phenotype was measured as the number of years spent at 
sea prior to maturation and return to river for spawning (sea age at maturity). 
Individuals were scored based on sea age determined using scale readings (ICES 
2011): 1 (one year spent at sea), 2 (two years spent at sea), or 3 (three or more years 
spent at sea). Only five individuals had a sea age greater than three and were therefore 
combined with three-year individuals for analyses. 
For Chapter III, controlled crosses using parental material from a captive 
broodstock, originating from the Neva river population, were used to breed progeny 
with a high number of recombinant alleles at a large-effect locus on chromosome 25 
(Barson et al. 2015). In total, 5895 male Atlantic salmon were reared to one year of 
age. In captivity, male Atlantic salmon are able to mature at this age (Debes et al. 
2019). Maturation status was scored as a binary trait, mature or non-mature, based on 
internal examination of gonad size and colour. White and enlarged gonads (filling at 
least 75% of the body cavity) were considered signs of maturation. 
8.2 Genetic markers 
Individuals used in Chapter I were genotyped using a 50K SNP array and 
imputed up to 512,397 SNPs using parents genotyped with a 930K SNP array and 
pedigree information. Chapter II used individual full-genome sequences described in 
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Bertolotti et al. (2020). SNP genotypes were called using GATK according to GATK 
Best Practices workflow (Depristo et al. 2011). Parental material used in Chapter III 
was genotyped at 177 SNPs described in Aykanat et al. (2016). Progeny were 
genotyped at three loci using the KASP genotyping method (He, Holme, and Anthony 
2014): top-associated vgll3 SNP, akap11 missense SNP (Barson et al. 2015), and SDY 
locus (Yano et al. 2012). 
8.3 Association testing 
Genome-wide association testing in Chapter I used a linear mixed model 
method implemented in BOLT-LMM (Loh, Tucker, et al. 2015). The model included 
a genomic relatedness matrix (GRM) as a random effect to account for relatedness and 
population structure in the samples. Only SNPs showing no evidence LD and not on 
the same chromosome as the SNP being tested were used for GRM calculation to avoid 
redundant genotypic information and proximal contamination, respectively. 
Many SNPs in an associated region display a significant association due to LD 
with the causal SNP. To determine which SNPs represented independent signals from 
the BOLT-LMM analysis in Chapter I, we used conditional and joint analysis 
implemented in GCTA (Yang et al. 2011). This approach adjusts for the effects of 
neighbouring SNPs when testing for an association (Yang et al. 2012). Additionally, 
variance component partitioning, implemented in BOLT-REML (Loh, Tucker, et al. 
2015), was then used to determine the proportion of variance explained by resulting 
set of significant SNPs identified using conditional and joint analysis. 
In Chapter II, association testing of SNPs within 500kb regions surrounding 
the candidate loci identified in Chapter I was used to further resolve the SNPs 
underlying the association of these regions with sequence-level data. Two multi-SNP 
association methods were used: haplotype association testing implemented in hapQTL 
(Xu and Guan 2014; Guan 2014) and Bayesian Variable Selection regression 
implemented in PiMASS (Guan and Stephens 2011). Single-SNP association testing 
with hapQTL was also used. 
In Chapter III, associations of vgll3 and akap11 SNP variation were tested 




8.4 Identifying candidate genes 
The closest gene (and within 50kb) to a significantly associated SNP following 
condition and joint analysis in Chapter I was considered a candidate gene for age at 
maturity.
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9. Results and Discussion
9.1 Age at maturity has a mixed large-effect and 
polygenic architecture
Genome-wide association testing in Chapter I identified 13,149 SNPs that were 
significantly associated with maturation timing. The effect sizes of SNPs ranged from 
large to small or no effect. Some association peaks were broad due to slow LD decay 
in regions of the genome, which is characteristic of aquaculture Atlantic salmon strains 
that have smaller effective population sizes relative to wild populations (Hindar et al. 
2006; Waples, Larson, and Waples 2016). Condition and joint analysis identified 116 
SNPs that were independently associated with the trait (Figure 1).
Figure 1. Manhattan plots of GWAS for age at maturity in males using 11,116
individuals. Red dots mark loci that were significant after conditional and joint 
analysis. Significance threshold was adjusted to account for multiple testing using 
Bonferroni correction. A. Manhattan plot showing all SNPs and their corresponding 
association statistics. B. Zoomed view of SNPs with association statistics below a –
log10(P-value) of 25. Y-axis is truncated at –log10(P-value) 25.
The proportion of variance explained by the set of 116 independently associated 
SNPs was determined using variance component partitioning. The 116 SNPs 
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explained 78% of the genetic variance and the other ~500K SNPs explained the 
remaining 22%. This suggests our GWAS framework was adequately-powered to 
identify the genomic location of a substantial proportion of variation underlying the 
trait. It is unknown, however, how many of the remaining ~500K SNPs have an effect 
on maturation. It is possible that many additional causal SNPs exist with very small 
effects on maturation. 
A highly significant SNP in the vgll3 region on chromosome 25 confirmed the 
importance of a large-effect locus previously identified in other studies (Barson et al. 
2015; Ayllon et al. 2015). Another highly significant SNP was located on 
chromosome 9 in close proximity to six6. This locus was also identified in Barson et 
al. (2015), however only prior to correction for population stratification. This 
highlights the value of single population association studies to identify trait-associated 
loci that also play a role in local adaptation. 
The findings presented in Chapter I provide evidence that Atlantic salmon age 
at maturity has a mixed genetic architecture with a few larger effect loci and a 
polygenic background consisting of multiple smaller-effect loci. The characterization 
of the genetic architecture of this trait contributes to our understanding of how Atlantic 
salmon can respond to selective pressures. Furthermore, this mixed architecture 
broadens the scope of empirical examples for genetic architectures. Such mixed-
architectures are challenging to characterize given the difficulty of detecting small-
effect loci, particularly in wild populations. Consequently, it is possible that this type 
of architecture is more common than what is reported and should therefore be 
considered in analytical frameworks for characterizing the genetic architecture of 
traits in wild populations. 
9.2 Multi-SNP analyses resolve number and identity of 
associated SNPs at candidate loci 
Single-SNP and haplotype association analyses in Chapter II found strong 
association signals (Bayes factor > 3) with sea age at maturity at 5 of the 116 candidate 
regions from Chapter I (Table 1). The lack of an association within the other regions 
may be due to differences in genetic architecture between wild and aquaculture 
Atlantic salmon. Alternatively, such differences may be due to the Chapter II study 
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having lower detection power than the Chapter I study, particularly for the detection 
of loci with small effect sizes and/or rare alleles. In all five cases where a strong 
association signal was found, the strongest association was with a single SNP rather 
than a haplotype (Table 1). This suggests the association may have arisen via a single 
mutation, opposed to multiple mutations or recombination introducing new 
combinations of existing mutations. 
 
Table 1. Strongest association signals from hapQTL for each candidate region 
showing evidence of an association with sea age at maturity and the closest gene. Top 
SNPs and candidate gene from Chapter I are also listed.  
Candidate 
region 








































Bayesian Variable Selection regression implemented in PiMASS was used to 
further analyse the five candidate regions showing a strong association in the hapQTL 
analyses. The PiMASS analyses found that the number of SNPs contributing to 
variance in sea age at maturity was one for all candidate regions tested, excluding the 
ssa09:24636574-25136574 region, where the number of SNPs was two. After 
regressing out the top-associated SNP from the phenotype values and repeating the 
analysis, however, the mode number of SNPs was zero for all candidate regions. 
Furthermore, the median proportion of variance explained was 0% or 1% for all 
candidate regions (Table 2). This suggests that variation in sea age at maturity 




Table 2. PiMASS results prior to and after regression of top-associated SNP identified 
in the initial PiMASS analysis. These include the mode of the distribution of the 
number of SNPs and the median of the distribution of proportion of variance explained 
(PVE) for a model explaining sea age at maturity. 
Candidate 
region 
Mode # of 
SNPs 
 



































Our findings provide evidence that loci underlying sea age at maturity in 
Atlantic salmon can be predominantly driven by a single SNP and thus have relatively 
simple and non-clustered alleles. Contrastingly, in other species, such as Peromyscus 
maniculatus (Linnen et al. 2013), Drosophila melanogaster (Bickel, Kopp, and 
Nuzhdin 2011), Arabidopsis thaliana (Kerdaffrec et al. 2016), and Gasterosteus 
aculeatus (Archambeault et al. 2020), complex genetic architectures within trait-
associated loci have been characterized, where multiple clustered mutations have 
independent effects on the trait or fitness. Additionally, theoretical modelling predicts 
such clustered loci under certain levels of gene flow and selection. The different 
genetic architecture within age at maturity loci may be due to gene flow among 
Atlantic salmon populations being too restricted and/or the strength of selection being 
insufficient for the establishment of clustered loci. Additional modelling and more 
empirical data on a variety of traits and species may help to elucidate when and why 
certain genetic architectures arise. 
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9.3 Natural recombination enables more precise mapping 
of causal variation at large-effect locus 
A total of 5895 males were reared to maturation age. Of these 5895 individuals, 
4769 had recombinant genotypes (i.e. carrying a haplotype with an L allele for vgll3 
and an E allele for akap11, or vice versa). The overall maturation rate was 2.87%. The 
vgll3 EE and EL genotypes increased the log(odds ratio) of maturation relative to the 
LL genotype by 4.21 and 1.79, respectively. For akap11, only the EE genotype had a 
significant effect, which was negative and decreased the log(odds ratio) of maturation 
by 1.30, relative to the LL genotype (Figure 2). 
Figure 2. Ratio of the odds of maturation on the logarithmic scale and the respective 
95% confidence intervals of the EE and EL genotypes for vgll3 and akap11, relative 
to the LL genotype. Asterisks denote level of significance (* p-value < 0.05, *** p-
value < 0.001). 
 
Chapter III shows that the association at a key large-effect locus for age at 
maturity on chromosome 25 is explained by vgll3 SNP variation, and not akap11 SNP 
variation. This narrows down the genomic location of causal SNP variation for 
Atlantic salmon age at maturity and provides stronger evidence that vgll3 is the 
primary candidate gene at the chromosome 25 locus. These findings will help guide 
future research determining how this locus is involved in genetic processes affecting 
Atlantic salmon maturation. For example, vgll3 would be an appropriate target for 
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CRISPR genome editing to further resolve the effect of this gene on Atlantic salmon 
maturation. Furthermore, Chapter III highlights the utility of natural recombinants to 






Throughout this thesis, I have used genetic and genomic approaches to characterize 
different aspects of the genetic architecture of Atlantic salmon age at maturity. 
Additionally, this thesis provides an analytical framework for characterizing the 
genetic architecture of traits in non-model systems. 
 
There are three main findings of this thesis. First, a large-scale genome-wide 
association study revealed a mixed genetic architecture of age at maturity in Atlantic 
salmon with a combination of large-effect loci and a polygenic background 
consisting of smaller-effect loci. Second, a combination of multi-SNP association 
methods and individual-level sequencing data revealed relatively simple, non-
clustered, genetic architecture within candidate loci, where the association was 
driven by a single mutation. Finally, we delineate the effects of two linked genes, 
vgll3 and akap11, at a large-effect locus on chromosome 25 by rearing progeny with 
recombinant alleles at this locus. This revealed that akap11 SNP variation had little 
to no effect on age at maturity and that the association of this key locus is a result of 
SNP variation in closer proximity to vgll3. These three findings further refine our 
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